Measurements of the magnitude and spectral distribution of the Raman-scattering coefficients of pure water ͑b rw ͒ and seawater ͑b rs ͒ are presented. Two independent measurements of the spectral distribution of the Raman-scattering coefficient of pure water were made for incident wavelengths ranging from 250 to 500 nm. These measurements revealed a strong dependence of b rw on wavelength that could be represented by a ͑Ј͒ Ϫ5.3Ϯ0.3 relationship, where Ј is the incident wavelength, or a Ϫ4.6Ϯ0.3 relationship, where is the Raman-scattered wavelength, when normalized to units of photons. The corresponding relationships for normalization to energy are ͑Ј͒ Ϫ5.5Ϯ0.4 and Ϫ4.8Ϯ0.3
Introduction
Many applications in the field of oceanography, such as the estimation of primary production 1 and new production, 2 and the determination of heat budgets for the oceanic mixed layer, 3 require estimates of pigment biomass at large spatial scales. Pigment biomass is generally estimated from satellite-based determinations of ocean color. However, factors other than pigment biomass are known to influence sea surface reflectance, whose spectral variations determine ocean color. One of these factors is Raman scattering by seawater. Interpretations of oceancolor data can be improved by accounting for the contribution of Raman scattering by seawater to reflectance. Similarly, the spectral characteristics of the underwater light field can be assessed more accurately by incorporating the effects of Raman scattering by seawater. To address these points, a number of models incorporating Raman scattering have been derived. 4 -10 Discussions of these models can also be found in Mobley 11 and Bartlett. 12 Recently it has been shown that Raman scattering by seawater may have a substantial effect on measurements of sea surface reflectance for wavelengths ͑͒ in the visible wavelength region. 4, 5, 9, [13] [14] [15] [16] [17] [18] [19] [20] It may be responsible for as much as 30% of the sea surface reflectance measured in the 500 -700-nm wavelength region. 5,18 -20 Raman scattering is an inelasticscattering process; when the scattering medium is water, it occurs with approximately one tenth of the probability of an occurrence of elastic scattering by water. The Raman-scattering process can be described as follows: A photon with a given energy is incident on the scattering molecule, which immediately scatters a photon with an energy different from that of the incident photon. The difference in energy between the incident and scattered photons, which can be either positive or negative, corresponds to that between two energy levels of the molecule. For a given pair of energy levels, the energy difference can be expressed in terms of either a constant frequency difference ͑such as 3400 cm Ϫ1 for the OH stretch vibrational mode 21 in water͒ or a variable wavelength difference between the incident and scattered photons. To quantify the potential effect of Raman scattering by seawater on remote measurements of ocean color, it is necessary to know its magnitude and its spectral variability.
Attempts to quantify the effect of Raman scattering on ocean color have been hampered by a lack of agreement between investigators on the absolute magni-tude and wavelength dependence of the Ramanscattering coefficient for seawater ͓b rs ͔͑͒. In previous studies, b rs ͑͒ has been approximated by b rw ͑͒, the Raman scattering coefficient for pure water, and it has been suggested that these coefficients may differ from each other by as much as 10%. 4 The magnitude of b rw ͑͒ itself is in dispute: Experimental estimates of the Raman-scattering cross section for pure water at 90°for an incident wavelength of 488 nm, which is proportional to b rw ͑488͒, differ by a factor of 5. 5, 13, [21] [22] [23] [24] [25] [26] [27] Furthermore, the spectral characteristics of b rw ͑͒ are poorly known 11, [25] [26] [27] : both Ϫ4 and Ϫ5 dependencies have been used for both the incident and the scattered wavelengths. 6 -9,13,19 We report new data on the spectral variability and magnitude of the Raman-scattering coefficients for pure water and seawater.
Wavelength Dependence of the Raman-Scattering Coefficient for Pure Water
In this paper we present two independent sets of measurements of the wavelength dependence of the Raman-scattering coefficient for pure water using two instruments. The first results presented here were determined with a Quantamaster luminescence spectrometer, Model QM-1, from Photon Technology International, Inc. ͑PTI͒, London, Ontario, Canada. The second results were determined with an Hitachi spectrofluorometer. The general experimental setup is described first. Details of the calibration procedures used for each of the instruments is then presented, followed by the results from each experiment.
A. General Experimental Setup and Calibration
Both instruments used in this study were configured to measure Raman-scattering spectra at 90°to a beam of finite bandwidth incident on a sample. Light from the source ͑a xenon lamp͒ is passed through a grating monochromator to select the incident wavelength. The samples are held in quartz cuvettes with 1-cm path lengths. Variable slits in the light path before and after the sample are used to alter the bandpass. Glan-Thompson polarizers are used to polarize the incident beams and scattered beams perpendicular to the scattering plane. The scattered light from the sample then passes through another grating monochromator that measures the emission spectrum over a selected wavelength region. The intensity of the scattered light is monitored by a photomultiplier. This configuration is similar to that of Marshall 16 and Marshall and Smith. 5 Both experiments used triply distilled water at room temperature ͑20°C͒.
Raman emission spectra for different incident wavelengths cannot be compared unless each of these spectra has been normalized to the same excitation intensity. Fluctuations in the intensity of the source irradiance are monitored by use of a beam splitter to direct a portion of the incident light to a reference photomultiplier. We determined the spectral characteristics of this photomultiplier and of the beam splitter by performing calibrations with Rhodamine B, which is a strong absorber with a quantum yield that is approximately constant in the 200 -600-nm region. The calibration procedure for the excitation spectrum was as follows: A right-angle, triangular quartz cuvette containing Rhodamine B ͑8 g͞L in propylene glycol͒ was placed in the sample holder with the largest face oriented toward the incident light in such a way that the light reflected off this face of the cuvette was directed away from the emission monochromator. An excitation scan from 250 to 700 nm was then made for an emission wavelength of 630 nm ͑the wavelength of maximum fluorescence of Rhodamine B͒ with the excitation polarizer in place. The ratio of the signal recorded by the reference photomultiplier ͓I ref ͑Ј͔͒ to that recorded by the emission photomultiplier ͓I rhod ͑Ј͔͒ for the same incident wavelengths provides an excitation correction curve ͓C ex ͑Ј͔͒ that accounts for the spectral characteristics of the reference photomultiplier and of the optical components between the reference photomultiplier and the sample:
An example of an excitation-correction curve for the PTI instrument is shown in Fig. 1͑a͒ . Each measured emission spectrum was scaled by the value of the excitation correction factor for the incident wavelength. We found a correction curve for the spectral re- sponse of the instrumental components in the emission monochromator in the PTI instrument by calibrating the instrument with a standard tungsten lamp. The calibration procedure was as follows:
The standard tungsten lamp was positioned such that the emitted light was incident normal to the sample holder and at 90°to the emission light path. There were no optical components between the lamp and the sample. An empty, frosted quartz cuvette, with a 1-cm path length, was placed in the sample holder. An emission spectrum was then measured with the emission polarizer in place. To determine the contribution from stray light, a dark measurement was also made with the lamp turned off. This dark measurement was then subtracted from the lamp measurement. The resulting emission spectrum is measured in units of photon counts per second ͑cps͒, whereas the units of the standard lamp spectrum is in terms of energy. From the relationship E ϭ hc͞, where E is the photon energy, h is Planck's constant, and c is the speed of light, energy can be converted to photon counts by dividing by hc͞. Because only a relative calibration is required for this experiment, we achieved the conversion of the standard lamp spectrum from energy units to cps by multiplying by . The ratio of the standard spectrum of the lamp in units of cps ͓I lamp ͔͑͒ to the darkcorrected emission spectrum ͓I em ͔͑͒ yields an emission correction curve ͓C em ͔͑͒ that accounts for the spectral characteristics of optical components in the path of the emitted light: Figure 1͑b͒ shows an example of an emission correction curve for the PTI instrument in this configuration. The low irradiances of the standard lamp in the 250 -300-nm region, particularly with the polarizer in place, caused the signal in this region to be noisy and sensitive to small changes in the background correction, making it difficult to obtain an accurate calibration in this region ͓Fig. 1͑b͔͒. All the Raman emission spectra presented here were corrected for spectral variations in the emission response of the spectrometer by multiplying each measured emission spectrum by the emission correction spectrum. Data from the 250 -300-nm region were retained here for completeness, although we recognize that these results are less reliable than those from longer wavelengths. We calibrated the Hitachi emission optics by performing a synchronized scan with the excitation and emission monochromators of a neutral glass diffuser. Dark values were first subtracted from this data, and then the excitation corrections were performed. The resulting signal is the wavelength dependence of the emission optics. This signal was used to form an emission correction factor for this instrument.
We thus obtained corrected emission spectra ͓I corr ͑Ј, ͔͒ by multiplying each measured emission spectrum ͓I meas ͑Ј, ͔͒ by the value of the excitation correction at the incident wavelength and by the emission correction spectrum:
The quantity I meas ͑Ј, ͒ represents a raw emission spectrum normalized to a reference to account for fluctuations in the intensity of the incident light. Because both the raw emission spectrum and the reference are measured in units of photon counts, I meas ͑Ј, ͒ is normalized to these units. To obtain a corrected spectrum normalized to energy units, the raw emission spectrum and the reference values must be converted to energy units. This can be achieved by multiplying I meas ͑Ј, ͒, and hence I corr ͑Ј, ͒, by Ј͞. Because the relationship between Ј and can be approximated by ϭ 0.53͑Ј͒ 1.13 in the wavelength region studied here, 20 the ratio Ј͞ is approximately equal to 1.75͑͒ Ϫ0.12 or 1.89͑Ј͒ Ϫ0. 13 . The corrected spectrum used must be appropriate to the units of the study. For example, Monte Carlo simulations of the Raman-scattering process should use the results presented here in units of photon counts, whereas radiative transfer applications should use those in energy units. An analysis of the calibration procedures described here can be found in Hofstraat and Latuhihin. 28 
B. Experimental Details and Results

Photon Technology International Spectrofluorometer
Raman scattering at 90°with a bandpass of 5 nm was measured for several samples of triply distilled water for incident wavelengths covering the 250 -500-nm range. This corresponds to Raman peaks in the 260 -600-nm range for the 3400-cm Ϫ1 Raman band for water. The results for one of these pure water samples are shown in Fig. 2͑a͒ . The increase in background light for wavelengths shorter than 300 nm is caused by the proximity of the Rayleigh peak to the Raman peak at these wavelengths.
To determine the relationship between the total intensity of the Raman-scattered signal normalized to units of energy and Ј, the Raman peak for each incident wavelength was integrated to obtain the peak area, and the results were then plotted as a function of Ј ͓Fig. 2͑b͔͒. This figure shows the results from six repetitions of the experiment. These results are integrated values for incident light with a bandpass of 5 nm. However, in the wavelength region studied, the difference between these results and an explicit integration over the incident wavelength is negligible, 29 hence the results presented here are applicable to most spectral applications. One exception, however, may be narrow-band applications such as those involving laser excitation.
According to theory, 30,31 the intensity ͑in units of watts͒ of Raman scattering by all substances should follow a Ϫ4 law in the wavelength region studied here, except near an absorption band. Fitting a power function in Ј to the b rw ͑Ј͒ data normalized to energy units shown in Fig. 2͑b͒ gave an excellent fit ͑r 2 ϭ 0.996͒, with an exponent of Ϫ5.33 Ϯ 0.05. The difficulties that were encountered with measurements for incident wavelengths in the 250 -300-nm region made the results in this spectral region less reliable than at longer wavelengths. These difficulties were twofold: First, as described above, there were problems with establishing the emission correction spectrum for this region ͓Fig. 1͑b͔͒; second, the proximity of the Rayleigh peaks to the corresponding Raman peaks is a potential source of error in the peak-area calculations for this part of the spectrum. However, when the curve fitting was repeated excluding the data from this region, the fitted exponent did not change. To express the results as a function of , the Raman-scattered wavelength, we repeated the curve fitting using b rw ͑͒ and , which yielded a wavelength dependence of Ϫ͑4.80Ϯ0.04͒ with an r 2 of 0.996 ͑Table 1͒. The value of this fitted exponent is closer to the experimental value of Ϫ5 that has been reported based on measurements for incident wavelengths in the 400 -550-nm region by Sugihara et al. 13 than the value of Ϫ4 expected from theoretical considerations. 30, 31 2. Hitachi Spectrofluorometer Three separate data-collection series were run, and instrument calibrations were performed before each data series. In addition, data were collected after each measurement, mimicking the measurement conditions in which the receiver optics was blocked. This allowed an accurate dark series to be obtained, which was subtracted from the measurements.
Raman spectra were obtained by selecting an incident wavelength and scanning the region of the Raman-scattered spectrum. This was repeated for several incident wavelengths from 275 to 475 nm ͑every 25 nm͒. Often the Raman signal would lie on top of another more slowly decaying signal. Portions of the signal on either side of the Raman band were selected to provide a baseline, and this baseline was subtracted from the data. The remaining signal was then integrated to find the relative magnitude of the total Raman signal. Each data run was normalized to the result obtained with an incident wavelength of 475 nm and a power fit was then made to the data ͑Fig. 3͒. The resulting exponent values are summarized in Table 1 .
C. Comparison of Two Independent Sets of Measurements with Theory
The two independent sets of measurements agree within standard errors. normalized to units of energy agrees with the previously measured wavelength dependence of Ϫ5 within standard error. 13 These relationships are compared with one other set of measurements and several theoretical relationships that have been used in the past ͑Fig. 4͒. Shown are the results from our measurements, measurements by Sugihara et al. 13 and Faris and Copeland, 27 the theoretical wavelength dependence 30 of Ϫ4 , a wavelength dependence of Fig. 2 . ͑a͒ Spectra resulting from Raman scattering by pure water for incident wavelengths ranging from 250 to 500 nm at a bandpass of 5 nm. These measurements were made with a PTI spectrofluorometer. ͑b͒ Relationship between the peak areas, normalized to energy units, for Raman scattering by pure water at a 5-nm bandpass and the incident wavelength for six water samples ͑solid circles͒. The data are best fit by a ͑Ј͒ Ϫ5.33 power law ͑solid curve, r 2 ϭ 0.996͒. 27, 32, 33 which is a function of both incident and scattered wavelengths.
Resonance Raman scattering occurs when the wavelength of the incident light approaches a wavelength of electronic or vibronic absorption of the substance. At wavelengths far from the absorption band, Raman scattering is expected to follow a Ϫ4 dependence. Closer to the absorption band, Raman scattering is expected to follow a wavelength dependence of approximately 27, 32, 33 
where Ј and are the frequencies of the incident and scattered photons, respectively, and Љ is the frequency of the intermediate energy level reached by the incident photon. In this study, the relevant intermediate energy level for water occurs at a wavelength of 130 nm. 34 At wavelengths even closer to the absorption band, Raman scattering is expected to follow a wavelength dependence of the form 33
The relationships compared here were normalized to one for an incident wavelength of 488 nm ͑corre-sponding to a scattered wavelength of 584 nm͒ ͓Fig. 4͑a͔͒. This is the incident wavelength at which most previous measurements of the magnitude of the Raman-scattering coefficient of pure water have been made. 5, 13, [21] [22] [23] [24] This figure illustrates the increasing deviation with decreasing wavelength between estimated Raman-scattering coefficients when different wavelength dependencies are used. The wavelength dependence presented here shows close agreement with the experimental results of Sugihara et al. 13 and Faris and Copeland 27 and the theoretical relationship of relation ͑4͒ by use of an absorption wavelength of 130 nm. 34 However, it differs from the theoretical relationships of Ϫ4 and relation ͑5͒ and the previously used relationship of ͑Ј͒ Ϫ4 by as much as a factor of 4 near 300 nm when normalized at an incident wavelength of 488 nm. This indicates that Raman scattering by water is a resonance Raman-scattering process in the wavelength region studied here, following a wavelength dependence represented by relation ͑4͒. The differences observed between the different wavelength dependencies that have been used are further complicated by numerous conflicting reports regarding the absolute magnitude of the Raman-scattering coefficient for pure water for incident wavelengths of 488 nm.
Raman-Scattering Coefficient for Pure Water at 488 nm
The magnitude of b rw ͑488͒ for the 3400-cm Ϫ1 Raman line was determined with the PTI instrument. We Fig. 3 . Peak areas of Raman scattering, normalized to energy units, as a function of the incident wavelength ͑solid circles͒. These measurements were made with a Hitachi spectrofluorometer. The data are normalized at 475 nm. The solid curve shows the best fit of ͑Ј͒ Ϫ5.5 ͑r 2 ϭ 0.90͒. Fig. 4 . Comparison of the wavelength dependence of Raman scattering by pure water normalized to energy units as a function of the scattered wavelength from various sources. Each of the curves shown were normalized at an incident wavelength of ͑a͒ 488 nm ͑or a scattered wavelength of 584 nm͒ and ͑b͒ 250 nm ͑or a scattered wavelength of 273 nm͒. The thick solid curve shows the results presented in this paper ͑curve t͒. The thin solid curves show the results from previously published measurements by Sugihara et al. 13 ͑curve S͒ and Faris and Copeland 27 ͑curve F͒. The dashed curves show the theoretical relationships of Ϫ4 from Placzek 30 ͑curve P͒, two resonance Raman relationships ͑for wavelengths far from the absorption band ͓Eq. ͑4͒, curve f ͔ and near the absorption band ͓Eq. ͑5͒, curve n͔, and the relationship of ͑Ј͒ Ϫ4 that has been used in previous studies ͑curve p͒. obtained the absolute magnitude by comparing Raman scattering by pure water with Raman scattering by spectroscopic-grade benzene, which has a scattering cross section of ͑3.25 Ϯ 0.10͒ ϫ 10 Ϫ29 cm 2 sr Ϫ1 molecule Ϫ1 for the 992-cm Ϫ1 line when the incident wavelength is 488 nm. 35 Raman spectra were measured for steps of 1 nm, with an integration time of 5 s͞step, over a range of bandpasses ͑3.5 to 6 nm͒ ͓Figs. 5͑a͒ and 5͑b͔͒. A bandpass of 2 nm ͑which was used by Marshall 16 ͒ produced signal intensities that were too low to resolve the Raman peaks. Each of these spectra shows a distinct peak caused by Raman scattering that increases in magnitude with increasing bandpass ͓see Figs. 5͑a͒ and 5͑b͔͒. The strong peak evident to the left of the Raman peak in Fig. 5͑a͒ is the Rayleigh peak at 488 nm. The Raman peaks were integrated to obtain the peak areas. The ratio of the peak areas for pure water and benzene, at corresponding bandpasses, could then be used to estimate b rw ͑488͒. 5, 13 The peak areas for pure water and benzene are shown as a function of the bandpass in Fig. 6 . According to theory, 36 the peak area ͑⌽͒ should increase as the square of the bandpass ͑␤͒. Fitting quadratic equations to the peak areas for pure water and benzene, using a least-squares analysis, we obtained the relationships ⌽ w ϭ ͑707 Ϯ 22͒␤ 2 for pure water ͑r 2 ϭ 0.95͒ and ⌽ b ϭ ͑512 Ϯ 13͒␤ 2 for benzene ͑r 2 ϭ 0.97͒, where ⌽ w is the peak area for Raman scattering by pure water and ⌽ b is the peak area for Raman scattering by benzene ͑Fig. 6͒. The errors reported are standard errors in the coefficient. These relationships could be used to estimate b rw ͑488͒.
First, the scattering cross section of pure water at 90°͓͑d w ͞d⍀͒ 90°͔ was calculated with the following relationship 5 : (6) where the subscripts b and w refer to benzene and pure water, respectively; is the scattering cross section; ⍀ is the solid angle; ⌽ is the integrated flux ͑or Raman peak area͒ at 90°; n is the refractive index; T is the transmission of the liquid-quartz interface; d is the density; M is the molecular weight; and is the depolarization ratio. Because ͑⌽ w ͞⌽ b ͒ is the ratio of the peak areas for pure water and benzene, which in turn can be approximated by a ratio of two quadratic formulas, a simple manipulation yields ͑⌽ w ͞⌽ b ͒ ϭ ͑707 Ϯ 22͒͑͞512 Ϯ 13͒ ϭ ͑1.38 Ϯ 0.08͒. The values for the remaining quantities used to evaluate Eq. ͑6͒ are listed in Table 2 , with most of the estimates at the lower end of the range. 5 The result presented here agrees with several of the previously published values. 5, [22] [23] [24] [25] [26] [27] Next, from Kattawar and Xu, 6 b rw ͑488͒ can be calculated from the scattering cross section, with the relationship
where N is the number of molecules per cubic centimeter. This yields a value for b rw ͑488͒ of ͑2.7 Ϯ 0.2͒ ϫ 10 Ϫ4 m Ϫ1 ͑Table 2͒. This result is not signifi- 
Raman Scattering by Seawater
To determine the magnitude of b rs ͑͒, measurements of Raman scattering by pure seawater at 90°were compared with similar measurements for pure water over a range of incident wavelengths ͑from 250 to 500 nm͒ with the PTI instrument. Two seawater samples ͓͑1͒ aged, with a salinity of 36 practical salinity units ͑psu͒ and ͑2͒ ultrafiltered and UV oxidized, with a salinity of 31 psu͔ were used to represent pure seawater. . 25, 26 Hence, it appears that b rw ͑͒ is an excellent approximation for b rs ͑͒.
Summary
Accurate estimates for the magnitude and spectral variability of b rw ͑Ј͒ are necessary for modeling the effects of Raman scattering on reflectance and on the light transmission under water. Two sets of independent estimates for the spectral variability of the Raman-scattering coefficient of pure water for incident wavelengths in the 250 -500-nm range have been presented, as well as an estimate for the magnitude of the Raman-scattering coefficient for pure water at 488 nm. Similar estimates for pure seawater are also presented. The main results from this study can be summarized as follows:
The . The exponents of these spectral results agree with measurements made by Sugihara et al. 13 within standard error and show close agreement with measurements of Faris and Copeland. 27 Other previously used exponents for the spectral shape of b rw ͑Ј͒ differ from the results presented here by as much as 26%. The spectral dependence appears to follow a wavelength dependence consistent with resonance Raman theory, with an absorption wavelength of 130 nm. Care must be taken to use the relationship normalized to units appropriate to the study under investigation.
The absolute magnitude for b rw ͑488͒ was found to take a value of ͑2.7 Ϯ 0.2͒ ϫ 10 Ϫ4 m
Ϫ1
. This value is in general agreement with the results of Marshall and Smith, 5 Kondilenko et al., 24 Chang and Young, 22 Romanov and Shuklin, 23 and Faris and Copeland. 27 The Raman-scattering coefficients of seawater ͓b rs ͔͑͒ and pure water ͓b rw ͔͑͒ were found to agree within experimental uncertainty, both in their absolute magnitudes and in their spectral characteristics. It is suggested that b rw ͑͒ can be used as an adequate approximation for b rs ͑͒ to model Raman scattering by seawater in the UV and visible regions.
